The quadratic polynomial fertilizer response model (QPFM) is the primary method for implementing quantitative fertilization in crop production, but the success rate of this model's recommended fertilization rates in China is low because the model contains a high setting bias. This paper discusses a new modelling method for expanding the applicability of QPFM. The results of field experiments with 8 levels of N, P, or K fertilization showed that the dynamic trend between rice yield increases and fertilizer application rate exhibited a typical exponential relationship. Therefore, we propose a unary non-structural fertilizer response model (NSFM). The responses of 18 rice field experiments to N, P, or K fertilization indicated that the new models could significantly predict rice yields, while two experimental fitting results using the unary QPFM did not pass statistical significance tests. The residual standard deviations of 13 new models were significantly lower than that of the unary QPFM. The linear correlation coefficient of the recommended application rates between the new model and the unary QPFM reached a significant level. Theoretical analysis showed that the unary QPFM was a simplified version of the new model, and it had a higher fitting precision and better applicability.
Results
Rice yield response to unit nutrient application and model improvement. The mathematical expression of a common quadratic polynomial with one variable is
where X is the application rate of fertilizer and Y is the crop yield. Its differential expression is
The result shows that the quantitative relationship between crop yield increase per unit nutrition and its application rate is assumed to be linear in the unary quadratic polynomial fertilizer response model.
To examine the rationality of the linear assumption of the model (2), the rice yield response to a per unit nutrient application was explored in field experiments in Datian county and Nanan City in Fujian province using 8 fertilization rates. The application rates of N, P 2 O 5 , K 2 O in three field experiments and their yields are shown in Table 1 .
First, we calculated the rice yield increase in response to unit nutrition in the treatments with different fertilization rates as dY/dX = ΔY/ΔX = (Y i+1 − Y i )/(X i+1 − X i ), where i is the fertilization serial number (i.e., i = 1, 2, 3…, 7). Next, a two-dimensional chart ( Fig. 1 ) based on the value of ΔY/ΔX and the application rate was drawn. The results indicate that the increase in rice yield drops rapidly with the increase of N, P and K fertilizer application rates in earlier stages, which are almost linearly related. However, with a further increase in fertilization rates, the decline gradually slows. As a whole, the increase of rice yield per unit nutrition decreases exponentially with the increase of fertilization rates. Table 1 . Effect of N, P and K fertilizer application rates on rice yields. Notes: X denotes application rate; Y denotes rice yield (mean ± SD). The dynamic characteristics of the increasing rate per unit nutrition in Fig. 1 suggest that the linear hypothesis of the model (2) should be modified. To obtain a simplified and improved model, we set the unit area soil nutrient supply equivalent to s 0 , which is roughly assumed to be a constant, and soil nutrient supply s 0 and fertilization rate may be additive. The soil nutrient supply capacity is thus described as x = s 0 + X, which includes chemical fertilizer X applied to soil. On the basis of the principles of calculus, dx = d(s 0 + X) = dX, and dY/dx = dY/d(s 0 + X) = dY/ dX. Ordered as 2b 2 /b 1 = −c, b 1 = a, the model could be translated as dY/dX = a[1 − c(s 0 + X)], where c describes the effect of fertilization on yield. Due to the relationship between yield and increasing fertilization having both a linear and an exponential effect (Fig. 1) , it could be further modified to dY
, we can obtain an improved model (3):
cX 0
According to the experimental results in Table 1 , regression modelling was carried out using model (3) . Figure 1 shows that the fit of the exponential model (solid line) is clearly superior to that of the linear model (dashed line). The quantitative comparison in Table 2 shows that the results of eight fertilization rates can be significantly predicted by both the linear model (2) and the exponential model (3). However, the statistically significant index of F values and the goodness of fit R 2 values of the exponential model are both relatively larger than the linear model. Additionally, the standard deviation of fit residuals that are used to evaluate the regression model fitting effect 13 , were significantly lower for the exponential model (3) than for the linear model (2) . Therefore, the exponential model (3) has a higher fitting precision and could better describe the relationship between the increase in production of per unit nutrition and the application rate of fertilizers.
Unary non-structural fertilizer response model and its verification. To integrate the model (3), the integration model is Y = A(s 0 + X) e −cX + C, where C is the integral constant. When both the soil nutrient supply equivalent s 0 and the fertilization rate X are equal to zero, the crop yield must be zero; thus, C is zero. The unary non-structural fertilizer response model is
0 cX where Y is the rice yield, X is the fertilization rate, s 0 is the soil nutrient supply equivalent and c is the coefficient of increased yield response to nutrient. A = ae −cs0 is the conversion coefficient between soil fertility and rice yield when X = 0, and reflects soil productivity.
The solid and dotted lines of Fig. 2 are represented by model (4) and model (1) . According to the results of field experiments, two kinds of fertilizer response models can better fit the results of eight fertilizer application rates of nitrogen, phosphorus and potassium on paddy rice.
The fit comparison of model (4) and model (1) based on 18 field experiments is shown in Table 3 . The results showed that both the statistically significant index of F value and the goodness of fit R 2 values of the unary non-structural fertilizer response model were larger and significant, while the fitting results of two of the 18 experiments were not significant with respect to the unitary quadratic polynomial models. The evaluation using index S of model fitting also showed that except for five field experiments (including three N fertilization, one P fertilization and one K fertilization), the residual standard deviations of 13 unary non-structural fertilizer response models were lower than those of the quadratic polynomial fertilizer response models, which shows that the fitting precision of model (4) reached 72.2% and was better than that of model (1).
Recommended fertilization rates by non-structural fertilizer response model. There is a peak of rice yield within the range of fertilization rates in the unary non-structural model as shown in Fig. 2 , which corresponds to the maximum yield application rate. According to the general principle of fertilizer efficiency, when the marginal yield is equal to the price reciprocal proportion of rice and fertilizer, the fertilization rate used is the fertilization rate for economic yield. Therefore, we can assign model (5) for calculating the maximum fertilization rate and model (6) for calculating the economic fertilization rate. In model (6) , β = Px/Py, Px and Py are the market prices for unit nutrients and agricultural products, respectively. Y eco is the economic yield, but it is unknown before the economic fertilization rate has been obtained. Experience indicates that the difference between maximum yield and economic yield is ordinarily very small, based on the calculated result of fertilizer response models. Therefore, Yec o could be replaced by Y max which is obtained from model (5) . This value could also be refined using an iterative algorithm approach. Generally, approximately 3-5 iterative calculations are sufficient.
Based on 16 field trials (in Table 3 ) that passed significance tests using the unary quadratic polynomial model, the recommend fertilization rates of N, P 2 O 5 and K 2 O were calculated by model (1) and model (4) . The results showed that there is a significant linear positive correlation between recommended fertilization rates of model (1) and (4), with a correlation coefficient of 0.9868** (n = 16) for the maximum fertilization rate, and a correlation coefficient of 0.9910** (n = 16) for the economic fertilization rate. The points in Fig. 3 are distributed at the lower right of the diagonal, regardless of whether the maximum rate or economic rate is plotted. The recommended maximum fertilization rates of N, P 2 O 5 and K 2 O using the unary non-structural fertilizer effect model were only 91.5%, 89.4% and 89.0%, respectively, of that recommended by the unary quadratic polynomial model, and the recommended economic fertilization rates were only 90.4%, 88.9% and 89.0%, respectively, of that recommended by the unary quadratic polynomial model.
Correlation between s0 and rice nutrient absorption. To evaluate the reliability of the predicted values of nutrient uptake, a monadic linear regression analysis using predicted values and the measured values is common for the study of the root nutrient absorption mechanism model 14 . In this paper, the accuracy of the estimated value s 0 in the non-structural fertilizer effect model was inspected using the same method. Using the CK (no fertilization) treatment, the harvested rice and rice straw yields, and the N, P and K contents in their samples, the total nutrition uptake rates of N, P and K were calculated, and the values were assumed to be the values of the indigenous soil nutrient supply during the rice production season. The estimated soil P 2 O 5 and K 2 O values of s 0 in Table 3 was converted into the equivalent P and K nutrient supply, then mapped in Fig. 4 . Regression analysis showed that the relationship between the estimated value s 0 (y) and the uptake of N, P and K nutrients in the CK treatment was satisfied with the linear regression model (F = 24.0**, n = 18), which indicates that there is a significant linear positive correlation between these values, and the estimated value s 0 in model (4) accurately reflected the soil nutrient-supplying potential.
Discussion and Conclusions
Model applicability on the functional setting of yield increase per unit nutrition. The results in Fig. 1 show that a quantitative relationship between rice yield increase per unit N, P and K fertilization and their application rates was a typical exponential function, and the distribution trend of the points clearly deviates from a linear relationship. Although both the linear and the exponential models could pass statistical significance testing, the standard deviation of the residuals of the exponential model was significantly lower than that of the linear model and had a higher fitting precision.
In the fertilizer response function, based on different assumptions of the functional relationships with yield increase per unit nutrient and application rate, various fertilizer response models with different mathematical forms and applicability could be obtained. The famous Michaelis-Menten fertilizer response equation assumes that the yield increase per unit nutrient is proportional to the difference between the maximum yield and its practical output 15 . Spelman's fertilizer response equation assumes that the ratio of yield increase per corresponding unit nutrient is constant 15 . Both of the fertilizer response models with the two assumptions can only reflect fertilization effects before reaching the maximum yield and cannot describe the yield reduction from over-fertilization. The common unary quadratic polynomial model assumes that the yield increase per unit nutrient is positively related to the difference between the maximum yield application rate and the practical fertilization rate 16 . This linear hypothesis shows that the yield increase per unit nutrient decreases linearly with the increase in fertilization before the point of maximum yield. This increase also decreases linearly with a continually symmetrical increase in fertilization after reaching the point of maximum yield. The advantages of this hypothesis are that it is simple and practical, and the unary quadratic polynomial model can result in yield reductions caused by over-fertilization; this has been verified by large fertilizer experiments globally, especially with N fertilization experiments 7, [15] [16] [17] . However, with the improvements in agricultural technology and the large increases in crop yield, especially the widespread use of new varieties with high yields and fertilizer tolerance, crop responses to fertilizers have changed dramatically 18, 19 . Especially with excessive fertilization, the reduction in output has been greatly alleviated by fertilizer tolerance and the nutrient buffering capacity of soil, which causes yield increases per unit nutrition to decline with an exponential trend. Thus, the improved model (4) better reflects current agricultural production practices.
Reliability of the unary non-structured fertilizer response model. To overcome the defects of the quadratic polynomial fertilizer response model, the unary non-structured fertilizer effect model (model (4)) was proposed in this paper. The model is obviously different in mathematical form from that of the experiential and mechanistic models of root nutrient uptake 14 , but the parameters of the model are well-defined and have a relatively simple application. For reference, fields such as population ecology name different types of models 20 ; model (4) has characteristics between the mechanistic and the empirical models and is called the unary non-structural fertilizer response model. The simulation results from 18 field experiments using N, P and K fertilizers show that it has a higher fitting accuracy than the unary quadratic polynomial fertilizer response model.
A, c, and s 0 parameter estimates of model (3) and model (4) did not agree with each other according to the experimental results of Table 3 . The main reason is that the fertilization rate (X) and output (Y) have no uncertain relationships and the output (Y) is a random variable. ΔY in model (3), which is affected by the random wave characteristics of output (Y), was more serious than that of Y itself in model (4), which led to different parameter estimates. Clearly, random effects in model (4) were smaller than those in model (3) and the reliability of the coefficient estimate values were higher.
The data in Table 4 show the results from nine field experiments on N and P fertilization of winter wheat in northern China, conducted by Li R G 15 and Chen L S 21 in the 1980s. Although all of the fertilization rates and yield levels were lower than current rates, their use for verifying the unary quadratic polynomial fertilizer response model was valid. The modelling results in Table 5 show that the unary non-structured fertilizer response model was a good fit, and all nine experimental results passed statistical significance testing. The results from the second experimental site did not reach a statistically significant level using the unary quadratic polynomial fertilizer response model, but the results passed the significance test when using the unary non-structured fertilizer response model. Maximum application rate and economic application rate of the nine non-structured fertilizer response models in Table 5 were calculated using model (5) and model (6), respectively. The calculations showed that the maximum application rate and the economic application rate of model (4) and model (1) linear positive correlations, with correlation coefficients of 0.979** and 0.982**, respectively. Therefore, the fertilization rate recommended based on the unary non-structured fertilizer response model should be reliable for winter wheat, as well. The unary quadratic polynomial fertilizer response model represents the symmetric function around the maximum fertilization 8 . Although the model has a 60% success rate in practice 10, 11 , there is obviously a linear positive correlation between the monomial independent variable (X) and the quadratic independent variable (X 2 ) of the model, which means that the coefficient in front of X and X 2 loses the fertilizer effect meaning. Furthermore, the binary or tertiary quadratic polynomial models derived from the unary quadratic polynomial model also have the same flaw, even resulting in serious problems such as multicollinearity 2 . As a result, more than half of the binary and tertiary fertilizer response models were non-typical models that have lost their practical value [10] [11] [12] . Model (4) of the unary non-structured fertilizer response is a non-linear model that cannot be directly converted into a linear model but has well overcome the unreasonable assumption and multicollinearity of the quadratic polynomial fertilizer response model.
According to the Taylor expansion of higher mathematics, Therefore, the unary non-structural fertilizer response model has a wide application scope. At the same time, the model provides a basic model that can be expanded to be a binary or tertiary non-structural fertilizer response model because model (4) contains the parameter of soil nutrient supply equivalent.
Recommended fertilization rate of the unary non-structural fertilizer response model. The analysis shows that the correlation coefficients of the maximum fertilization rate and the economic fertilization rate between model (4) and model (1) were 0.987**(n = 16) and 0.991**(n = 16), respectively. This result indicates that the recommended fertilization based on the unary non-structural fertilizer response model was successful and reliable. existing previous report 1, 22 indicates that the curve or surface of the quadratic polynomial fertilizer response model becomes fairly flat at the point near the maximum yield. This phenomenon leads to a generally higher recommended fertilization rate. The comparison with Fig. 2 shows that the maximum yield of the unary non-structural fertilizer response model was generally lower than that of the unary quadratic polynomial fertilizer response model. The results of 16 field experiments that passed tests of significance using model (1) showed the maximum and economic fertilization rates (Fig. 3) recommended by the unary non-structural fertilizer response model was only 88.9%-91.5% of the unary quadratic polynomial model on average, which indicates that the new model has overcome the problems of high recommended fertilization rates by the quadratic polynomial model.
Materials and Methods
Rice field experimental design and processing. Eight field experiments testing the response of paddy rice to N, P and K fertilizers were performed in the main rice production regions of Fujian province, China, from 2015 to 2016. Fertilizer treatment consisted of eight combinations of different rates of N, P, or K in grey clay soil and yellow clay soil, which are the main rice soil types in Fujian province. Based on P 2 O 5 applied at 67.5 kg/hm The experimental plot size was 20 m 2 with three replications and a random block design. The main local varieties were selected as the experimental rice varieties and are widely planted in large areas. Urea (N 46%), calcium superphosphate (P 2 O 5 12%), and potassium chloride (K 2 O 60%) were used as fertilizers. The fertilizers for basal dressing included all of the P 2 O 5 , 50% N and 50% K 2 O; approximately 40% of the N was top-dressed at the tillering stage and another 10% of the N and 50% of the K 2 O was top-dressed at the heading stage. At harvest, the fresh weight and drying weight of rice straw and grain in each plot were measured separately. The other field management activities followed common practice.
Sampling and statistical procedures. Soil samples were taken before planting and tested by conventional methods 23 as shown in Table 6 . Soil pH was measured with a potentiometer, organic matter was measured using the volumetric method with potassium dichromate, available N was measured using the alkaline hydrolysis diffusion method, available P was measured using 0.5 mol/L sodium bicarbonate lixiviation-Mo-Sb anti-spectrophotometer and available K was measured using 1 mol/L ammonium acetate lixiviation-flame photometer. At harvest, the fresh weight and drying weight of rice straw and grain from each plot and each treatment were measured. With conventional methods 23 , H 2 SO 4 -H 2 O 2 digestion and total plant N, P and K were measured using distillation, vanadate-molybdate-yellow colourimetry and flame photometry, respectively.
Parameter estimation for the quadratic polynomial fertilizer response model was conducted using the method of ordinary least squares. Non-linear least squares methods were applied to estimate parameters of the non-linear model. We assumed the nonlinear model was Y = f (X, β). To solve the estimated value of parameter β, the least squares equation is min β β
2 . Its solution, βˆ is a parameter to estimate. The statistical analyses and parameter estimations of the fertilizer response model were conducted using MathWorks MATLAB version 2015b 24 (https://cn.mathworks.com/programs/trials/trial_request.html). We used the "regress" functions for regression analysis and statistical tests of the unary quadratic polynomial fertilizer response model, and used the "nlinfit" functions for parameter estimation and statistical test of the non-linear model. The graphs in the paper were created using MATLAB language programming.
Other rice paddy field trials of N, P and K fertilizers. The authors have carried out ten rice field experiments on the yield response to N, P and K fertilization with 4 to 7 application rates in the past 10 years. The field trial design, sampling and laboratory analysis methods are the same as those shown in Table 6 . The results are shown in Table 7 . . This polynomial's differential expression is dY/dX = b 1 + 2b 2 X. The result shows that the quantitative relationship between crop yield increase per unit nutrition and application rate is assumed to be linear in the unary quadratic polynomial fertilizer response model. Because the algebraic symbol b 2 is negative, increased yield per unit nutrient is reduced linearly with increasing application rate, and the rate of descent is constant at 2b 2 .
Model (1) is a parabola on a two-dimensional coordinate graph. This graph can become a eudipleural graph through the appropriate coordinate transformation that is centred on the maximum application rate. The numerical value of increasing yield responses to fertilization before and after the maximum application rate is the same. This symmetrical relationship is based on mathematical theory and the calculation method, and cannot be simulated well due to biological variation and dynamic changes in soil physical and chemical properties. In other words, it ignores the buffer effect that soil has on nutrient application and further ignores the reduced negative effects of high fertilization rates. In addition, it is not well popularized and cannot be applied to a large number of new varieties with high yield potential and fertilizer tolerance.
Further analysis of the regression variables X and X 2 of model (1) also indicated that the correlation coefficient was as high as 0.9429 2 . Because of a high linear correlation between the two regression variables, one of the regression variables could change with the change of the other variable. This leads to a variable coefficient value, which reduces the effect of fertilizer efficiency and cannot be used to accurately measure their contribution to the Table 6 . Physical and chemical properties of observed rice soils with 8 fertilization levels of N, P and K fertilizers. Notes: OM is organic matter in soil, AN is alkali-hydrolysable nitrogen, AK is available K in soil, GYCS is grey yellow clay soil, YCS is yellow clay soil, and GCS is grey clay soil.
yield, even resulting in abnormal results that are difficult to explain. The binary and tertiary quadratic polynomial models that can be developed from the unary quadratic polynomial model also have the same defect, and may further result in serious multicollinearity problems 2 which restrict regression modelling accuracy and the reliability of the statistical test. This is an essential reason that a large number of non-typical patterns have been found with the application of the quadratic polynomial fertilizer response model.
In conclusion, the unary quadratic polynomial fertilizer response model and the binary and tertiary quadratic polynomial models that have been developed from the unary model have the following three defects: (1) an assumption of a linear relationship between the increased crop yield rate per unit nutrition and the fertilizer application rate, (2) an assumption that the fertilizer efficiency before and after the maximum application rate is symmetric, and (3) a strong linear correlation already exists among the regression variables. These defects greatly reduce the accuracy of the models to simulate experimental field results. Table 7 . Physical and chemical properties of observed rice soils with 4 to 7 application rates of N, P and K fertilizers. Note: CK is the no fertilization treatment and NPK is the treatment with applied N, P and K fertilizers.
